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EDITORIAL REVIEW
Cytoskeleton organization and submembranous interactions in
intestinal and renal brush borders
Most epithelial cells display unique organization which reflect
their particular specialized functions such as transport, secre-
tion, endocytosis or transcytosis. The cellular architecture
which contributes to the functional polarity of these cells
implies the existence of distinct domains of the plasma mem-
brane and specialized cytoskeletal matrice associated with
these membrane domains. The polarized distribution of cellular
components is achieved in the course of terminal differentiation
and is maintained after this event.
Proximal tubule kidney cells and mucosal intestinal cells
which have a different embryological origin share several
features to achieve their biological functions: their cell apex
facing the external milieu forms an unique organelle—the brush
border (Fig. lA and B). In higher vertebrates such an elabo-
rated structure, assembled during terminal differentiation, is
found in few cell types such as the two cell populations
mentioned above, which are the best characterized. Brush
borders provide a greatly expanded adsorptive surface which
facilitates reabsorption of filtered solutes in kidney, and absorp-
tion of digestion products in intestine. Both brush borders seem
to have a similar structural organization. An ordered array of
microvilli is supported in both cases by bundles of actin
microfilaments [1]. Since 1961 it has been possible to isolate
from enterocytes the brush borders by using conventional cell
fractionation procedures [2]. Later procedures to isolate kidney
brush border became available [3, 4]. The large yield of the
isolating procedures for brush borders was sufficient for struc-
tural and biochemical analysis, and triggered an intensive
research by several laboratories.
Initially most of the research has been focused on the
structure and function of membrane enzymes playing a role in
degradation of polypeptides and carbohydrates. Recently sev-
eral groups also have devoted their efforts on isolated brush
borders as a model for the analysis of their actin based
cytoskeleton in nucleated non-muscle cells [5]. Given the
similarity in the structural organization between kidney and
intestinal brush borders, it has been proposed that analogous
cytoskeletal proteins may be involved in their structure. Such
proteins have recently been characterized in kidney brush
border using cross reactions with specific antibodies against the
proteins first identified in the intestinal brush border.
The first part of this review compares the organization of
brush border membranes in both tissues. Because this topic is
well analyzed elsewhere [reviewed in 4, 6] we will only briefly
describe the hydrolases. However, the existence of membrane
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microdomains specific to the kidney brush borders will be
discussed in some detail. These microdomains and their dy-
namic state have only recently been revealed. Furthermore it
has been shown that certain microdomain-specific membrane
proteins are associated with immunological diseases in kidneys.
The second part of this review summarizes the organization of
the cytoskeleton in intestinal brush borders and compares this
organization with what is known of the kidney brush border
cytoskeleton. The use of a structural protein (villin) associated
with the brush border cytoskeleton as an organ specific and
differentiation marker is also discussed.
Brush-border membranes
Membrane domains and membrane bound enzymes
(hydrolases)
The cell membrane of intestinal cells and of proximal tubule
cells in kidney comprises two distinct domains, that is, the
luminal brush border and basolateral cell membrane, which
differ in their function, composition and morphology (Fig. 1).
Ubiquitous membrane proteins such as Na,K ATPase, his-
tocompatibility antigens, adenylate cyclase and transferrin re-
ceptor are some examples of protein found in the basolateral
membranes to exert their physiological role. The degradation of
small oligopeptides and resorption of solutes and water is
handled by the membranes of microvilli by means of their high
content of various membrane-bound hydrolytic enzymes and
transport systems.
The brush border membranes of both cell types possess an
overlapping but not identical complement of hydrolases. For
example, aminopeptidase A and N or endopeptidase are ex-
pressed in both cell type, but sucrase-isomaltase is only ex-
pressed in intestine (Table 1). These brush border enzymes are
intrinsic membrane proteins and their mode of anchoring to the
lipids bilayer is known in some detail [6]. Most of their protein
mass including the catalytic site(s) stands out from the extra-
cellular luminal side. The anchoring segment (a sequence rich in
hydrophobic amino acid) is often located at the N-terminal end
of the polypeptide chain and crosses the membrane bilayer once
[4, 6].
Membrane microdomains in the kidney proximal
tubule brush border
In addition to the hydrolases uniformly distributed along the
microvilli, a membrane microdomain which interconnects the
base of two adjacent microvilli can be distinguished and defined
structurally and functionally in the kidney brush border and the
intestine of suckling rats. We will refer to it as the "intermicro-
villar microdomain". Peptides and intact proteins are taken up
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Fig. 1. Comparison of an electronmicrograph from an epithelial cell of rat proximal tubulus (S3 segment) (a) with an electronmicrograph from the
luminal half of an epithelial cell of rat small intestine in similar magnification (b). The brush border region (BB) comprises in the proximal tubule the
microvilli (my), which are particularly long in this segment of the proximal tubules, and the interconnecting membranes at the base of the microvilli. The
brush border region in the intestine (RB) also comprises the microvilli (my), which are much shorter than in kidney proximal tubular cells, and the
terminal web (tw) in the apical cytoplasm. Note that the apical part of the intestinal epitheial cell contains much more fibrous material than the kidney
tubular cell, but that the latter contains more membrane vesicles in its apical cytoplasm. Abbreviations are: G, Golgi apparatus; N, nucleus. x 16,000.
via intermicrovillar microdomain by a mechanism which resem-
bles receptor mediated endocytosis.
The two microdomains of the brush border membrane are
demarcated by distinctive structures on their cytoplasmic sides;
thus, electron microscopy has revealed organized bundles of
microfilaments supporting the microvillus membrane as de-
scribed later, and a coated material [7] on the intermicrovillus
membrane which resembles clathrin—the major protein of
coated pits present in large amount in virtually all cells. More
recently it was shown by immunoelectron microscopy (Fig. 2C
and D) [8, 9] and by biochemical methods [7] that indeed
clathrin and several other clathrin associated molecules are
present there. This intermicrovillar microdomain is less obvious
in adult intestinal brush border but appears extensively devel-
oped in neonates. This finding is consistent with the fact that in
the adult protein absorption by receptor mediated endocytosis
is minimal in intestine, whereas in young rodents maternal milk
IgGs are actively taken up by receptor mediated endocytosis in
intestine before the animals acquire an efficient immune system
few weeks after birth [101.
The microdomains of the kidney brush border are less well
defined on the external surface membrane, which is covered by
a uniform 15 nm thick surface coat containing evenly distrib-
uted anionic molecules (as shown by the binding of various
cationic tracer molecules) and carbohydrates (indicated by the
Table 1. Comparison of the expression of hydrolases and
cytoskeleton proteins in kidney proximal tubule cells with their
expression in intestinal cells [4, 94]
Kidney Intestine
Hydrolases
Aminopeptidase A + +
N + +
Endopeptidase + +
Trehalase + +
Sucrase-isomaltase
Maltase
—
+
+
+
Glutamyl transferase + +
Dipeptidyl peptidase + +
Lactase glycosyl +
Cytoskeleton
Actin + +
Fimbrin + +
Villin + +
llokD ? +
Fodrin + +
Myosin + +
200/140 kD protein + +
binding of several lectins) [11]. The regionalization of mem-
brane glycoproteins in distinct microdomains was recently
recognized by the localization of individual membrane glyco-
proteins by immunoelectron microscopy, using specific poly-
—., .'I
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Fig. 2. Localization of gp330 (the pathogenic glycoprotein of Heymann nephritis (a, b) and of clathrin (the major component of coated pits) by
immunoelectron microscopy (c, d). a. Localization of gp330 by an indirect immunoperoxidase method using monoclonal anti-gp330 IgG in rat
kidney tissue which was fixed by perfusion with a paraformaldehyde-lysine-periodate mixture. Gp330 is found exclusively at the luminal side of
the cell membrane of the clathrin-coated intermicrovillar microdomains (cp) of the brush border, and is absent from the microvilli (my). b.
Localization of gp330 by an indirect immunogold procedure on isolated brush border membrane fractions. Gp330 is also here confined to the
intermicrovillar microdomains (arrows), which are packed by a clathrin coat on the opposite cytoplasmic side of the cell membrane. Insert. Gp330
is localized by an indirect immunogold procedure in the same region of the brush border (cp). In addition, the clathrin coat on the cytoplasmic side
of the membrane is visible (brackets). c and d. The localization of clathrin by an indirect immunogold procedure on acrylic resin (LR White)
embedded kidney tissue by a surface method (c), and on isolated brush border membrane fractions (d). In both preparations clathrin is found
associated with the intermicrovillar microdomains (the "coated pits", cp) of the brush border. Label is absent from the membranes of the microvilli
(my). a, x 42,000; b and d, x 68,000; insert b. >< 68,000; c. X 38,000.
and monoclonal antibodies to purified components of the villar membrane microdomain [9] (Fig. 2 A and B). By contrast,
microvillar membranes [9, 12]. It has been shown that a large the enzyme maltase, a 300 kD membrane glycoprotein of
330 kD membrane glycoprotein—gp330, which also is the unknown physiologic function in kidney [14] which is structur-
pathogenic antigen of rat membranous (Heymann) nephritis ally similar but not identical to gp330 by peptide mapping [15],
[13]—is restricted exclusively to the clathrin-coated intermicro- is localized at the membranes of the microvilli, and is virtually
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Fig. 3. Stages of absorption of cationic horseradish peroxidase (p18.5) at various ti,ne points after intravenous injection into rats. The kidneys
were fixed by perfusion with 2.5% glutaraldehyde at 30 sec (a), 12 mm (b), and at 30 mm (C), and cationic horseradish peroxidase was detected by
the diamino-benzidine reaction. After 30 sec, the reaction product is concentrated in the membranes of the microvilli microdomains of the brush
border membrane. When the kidneys are examined 12 mm after injection, the tracer is completely cleared from the microvilli on the cell surface,
and is now detected in small and large uncoated vesicles in the apical cytoplasm. The latter membrane vesicles resemble endosomes (en) (insert)
which are sorting stations for the traffic of membrane, and other proteins. After 20 mm the cationic tracer (in contrast to the unmodified molecule)
is also detected in some cisternae of the proximal tubule cell's Golgi apparatus (arrows), and in large lysosomes. Despite the fact that the process
of interiorization involves several membrane fusion events, from the brush border membrane down to the lysosomal membrane, randomization of
the membrane proteins of each compartment does not occur, a and b, x 32,000; insert b, X 65,000; c, X 65,000.
excluded from the coated membrane areas. Other proteins
localized in the microvillar membranes were recently identified
as membrane bound enzymes (such as g-glutamyl transpepti-
dase) and as glycoproteins of so far unknown function [9] (such
as a 90 to 95 kD glycoprotein). The glycoprotein gp330, how-
ever, is currently the only membrane glycoprotein which is
confined to the clathrin coated membranes. Despite its conspic-
uous association with clathrin in kidney proximal cells, in
epithelial cells of kidney glomeruli [15] and in cells of various
organs [16, 17] its function remains obscure; it may be a
receptor molecule, for which the ligands are unknown, or a
constitutive molecule of coated pits.
Gp330 on the external side, and clathrin on the cytoplasmic
side of the brush border membrane appear to be firmly associ-
ated with each other, so that they remain in place even when the
brush border membrane is isolated by fractionation procedures
[7] (Fig. 2 B and D). The biochemical nature of this association
is unknown but likely to be indirect since clathrin association
with membranes requires a 100 kD protein [18]. They could
serve, however, as marker molecules for a further subfractiona-
tion of isolated brush border membranes, aiming at purification
of the coated intermicrovillar membrane microdomains [7—9].
Dynamic aspects of the kidney brush border membrane
The proximal tubule brush border membrane is highly spe-
cialized for efficient uptake of molecules from the lumen into
the endocytic machinery of the epithelial cells. Besides small
molecules, such as various sugars and amino acids (which can
be locally produced by hydrolysis of relatively small substrates
by the microvillar membrane enzymes), large peptides and
proteins can be taken up [19, 20]. Under normal conditions the
glomerular filter prevents the leakage of albumin and larger
molecules into the tubular lumen, and thus the major task of the
epithelial cells is to reabsorb medium sized peptides (such as
insulin etc. [21]). However, in glomerular diseases with protein-
uria large amounts of albumin and even larger proteins reach
the tubular lumen and are removed from there by endocytosis.
For all these events the brush border membrane is the port of
entrance to the intracellular transport (sorting) and digestive
organelles. Recent immunocytochemical studies have added
substance to the previous biochemical investigations, using
fractions enriched for membranes from the brush border
(endosomal) and lysosomal compartments, indicating that the
protein composition of these membranes is distinctly different
[22, 23], despite their functional continuity caused by mem-
brane fusion during transport.
The absorption of proteins by the proximal tubule epithelial
cells starts with binding of the ligand to the microvillar mem-
brane [20, 24, 251 and translocation to the clathrin-coated
intermicrovillar microdomain of the brush border (Fig. 3A)
within seconds by an unknown mechanism. Subsequently the
ligand appears in small apical-uncoated membrane vesicles
which do not contain gp330, and probably are derived by
invagination of the coated it membrane [91. Within 5 to 15
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Fig. 4. Microfilament organization in isolated brush border of enterocyte. Each microvillus (my) contains a core of actin filaments (t) which
extends below the plasma membrane into interootlets domain of (tw/r) the terminal web region. Each filament core is attached to the membrane
of the microvilli at the tip of the microvilli. Cross bridges (cb) also connect laterally the filaments to the plasma membrane (insert). x 52,000; insert
x 240,000. (Courtesy of Dr. M.S. Mooseker, YALE University, New Haven, CT, USA).
minutes the ligand is then transported to larger vesicles, some
of which resemble endosomes in other organs (Fig. 3B). Finally
the ligand is transported to lysosomes. Alternatively, some
strongly cationic molecules, such as cationized ferritin and
peroxidase, may appear in a tubularmembrane system close to
the brush border which is thought to be the return pathway for
recycling membrane to the brush border [24, 25]. Cationic
horseradish peroxidase is also transported into some cisternae
of the proximal tubule's Golgi apparatus and some currently
less well defined membrane compartments in the Golgi's prox-
imity (Fig. 3C).
Since coated pits are known to be involved in receptor
mediated endocytosis in various systems [261, the intriguing
question arises as to whether specific receptor proteins are
present in the clathrin-coated brush border membrane areas or
not. Currently there is only evidence for the presence of specific
binding sites for insulin [27, 281 and calcitonin [291, but the
corresponding receptor molecules in the brush border mem-
brane have not yet been directly identified.
There is evidence that the charge of a given molecule
determines its rate of absorption and interiorization by proximal
tubule cells [30, 31]. Experiments in isolated perfused kidneys
or individual proximal tubuli with cationin molecules (such as
lysozyme, cytochrome C, cationized albumin and ferritin), and
with anionic peptides (beta2-microglobulin and growth hor-
mone) [32] have indicated that cationic molecules are adsorbed
more efficiently than the acidic peptides and that cationic
molecules do not compete for uptake with anionic substances,
but compete with other cationic molecules. This suggests that
the brush border membrane contains some molecular devices
for discrimination of charge which presumably are associated
with sialic acid [331, but the corresponding individual mem-
brane proteins and/or lipids have not yet been identified.
Brush borders cytoskeleton
Organization of intestinal brush border cytoskeleton
The cytoskeleton in isolated intestinal brush borders can be
divided into two distinct areas: the microvilli and the terminal
web, which is a cytoskeleton rich region in the apical cytoplasm
beneath the microvillus (Fig. 4). Although these two areas
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Fimbrin
Myosin
Desmosomes
Microvilli
Microvilli rootlets
Fig. 5. Working model for molecular organization of cvtoskeleton in
intestinal brush borders. Isolated intestinal brush borders can be
divided into two distinct areas: the microvilli with actin microfliaments
and the terminal web with three filaments networks. Two of them
(intermediate filaments and zonula adherens bundle) form circumferen-
tial rings perpendicular to the microfilaments in the microvilli. The third
one constitutes the interootlets domain with the rootlets of actin
filament coming from the microvilli and fine filamentous material which
cross-links adjacent rootlets. The major known protein contributing to
the structure are mentioned.
overlap structurally, each one performs different functions
within the brush border.
Each microvillus contains a bundle of 20 to 30 actin micro-
filaments anchored in the plasma membrane at the tip of the
microvilli (Fig. 4). Transmission electron micrographs of spec-
imens fixed in presence of 15 to 20 mrs MgCl2 [34] showed that
the axial bundle of microfilaments are bridged laterally by short
thin microfilaments disposed regularly along the longitudinal
axis of the microvilli (Fig. 4 insert). These bridges form an alpha
helix with a pitch of 33 nm around the axial bundle [35, 36]. The
major polypeptides found in the microvilli microfilaments have
been recently studied and characterized. Known proteins and
their contribution to intestinal brush border microvilli organi-
zation are schematically represented in Figure 5. The core of
the microvilli is composed of microfilaments made of beta and
gamma actin isoforms. All these filaments show the same
polarity when they are incubated with proteolytic fragment of
myosin SI or the heavy mero-mysoin (HMM). Their nucleation
point is thought to be located near the tip of the microvilli [34].
The rootlets of these filaments are plunging in the terminal web.
Two polypeptides of 68 kD (fimbrin) 95 kD (villin) bind the actin
filaments along its entire length. In contrast polypeptides of 80
kD, 110 kD are distributed only along the actin filaments in the
microvillus part, whereas tropomyosin is found essentially
associated with the rootlets of actin microfilaments.
Fimbrin is an ubiquitous protein found in several types of
cellular structures such as membrane ruffles, microspike and
stereocilia of ear hair cells [37]. This protein is an actin cross
linker and is most likely responsible for bundling the actin
filaments in an hexagonal array in the intestinal microvilli [38].
The induction of the actin bundle formation in presence of
fimbrin in vitro is dependent upon K and divalent cations [391.
Villin is also a globular actin binding protein. Unlike fimbrin,
it has been found in large amount mainly in cells having a well
organized brush border (intestine and proximal tubule kidney
cells) [40, 411 or in cells which have the same embryological
origin as intestinal mucosa: duct cells of pancreas and biliary
duct cells [42]. Villin is a monomeric calcium binding protein in
solution (three Ca binding sites per molecule) [43, 44].
Calcium binding induces pronounced conformational changes
of villin [45]. When the calcium concentration is below 10—6 to
l0, villin acts as a bundling factor. At micromolar concentra-
tion of calcium, villin leads to the formation of short filaments
by preventing monomer addition and forming at the barbed end
what is known as a functional cap [46—49]. At concentrations
above 10 micromolar, villin severs actin microfilaments into
short fragments [43, 50—52]. Using V8 protease Glenney and
coworkers [53] cleaved villin in two fragments with apparent
molecular weights of 90 kD and 8.5 kD. The largest fragments,
called the villin core, have Ca2 dependent nucleation and
severing actin binding activities but do not bundle actin fila-
ments. The smallest fragment, called the head piece, binds to
actin irrespective of the presence of Ca1 + in the medium. The
head piece consists of 76 amino acids at the C-terminus of villin;
this proteolytic fragment displays a highly conserved primary
sequence as shown by comparison of chicken and human villin
amino acid sequences [54, 55]. Using a combination of protease
treatments Matsudaira, Jakes and Walker [56] have shown that
a 45 kD tryptic fragment derived from the N-terminus of villin
retains severing activity. Further cleavages of this peptide with
V8 protease yielded a 13 kD subfragment that contained a Ca +
binding site and which bound to F-actin in a Ca + dependent
fashion. Therefore, it has been clearly demonstrated that villin
regulates in vitro the assembly of the actin filaments as well as
their structure, but its function in vivo is currently unknown.
A third, relative minor 80 kD core component of the micro-
villus has been identified [57]. Recent evidence indicates that
the 80 kD polypeptide may be immunologically related to a
substrate for the major tyrosine kinase stimulated by epidermal
growth factor receptor [58], suggesting potential importance of
this protein for microvillus function.
The lateral bridges which bind the actin microfilaments with
the plasma membrane of the microvilli are composed of a
complex between a 110 kD polypeptide and calmodulin, an
ubiquitous Ca i-binding protein that modulates Ca + interac-
tion in various enzyme systems. Treatment with ATP of the
microvillus core releases the 110 kD calmodulin complex [36].
Gel filtration analysis of the purified 110 kD-calmodulin com-
plex indicates that it consists of a dimer of 110 kD subunit and
variable amounts of calmodulin (from 0.2 to 4 calmodulin per
110 kD subunit) [59]. A small fraction of the calmodulin only
may be dissociated in the presence of Cat The binding of the
major fraction is Ca + independent which is rather unusual.
110 kd,Calmodulin
complex
Villin
V
p.
T.W, 240/260
Zonula adherens bundle
actin, myosin, tropomyosin,
actinin, vinculin.
Calpactin I
Zonula adherens
200 Kd/140 Kd Protein
Intermediate filament
U
R
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The isolated complex binds in vitro to actin in the absence but
not in the presence of ATP [59]. In addition the 110-kD-
calmodulin complex exhibits in vitro a high level of ATPase
activity stimulated by K-EGTA, which is characteristic of
myosins in muscle or non-muscle cells [60, 61]. These proper-
ties suggest that this complex may have mechanochemical
properties analogous to myosin ATPases. The 110 kD/calmo-
dulin complex interacts with the microvillus membrane. The
observation that the complex can be dissociated from isolated
brush borders in the presence of ATP indicates that the com-
plex is only peripherally associated with the membrane. A 200
kD glycoprotein in porcine microvilli which is cleaved to a 140
kD fragment in adult small intestine have been characterized.
This glycoprotein binds specifically to the 110 kD subunit on
nitrocellulose filter [62]. It has been shown that the 110 kD
subunit is synthesized on free polysomes [63]. These two
independent observations support the view that the 110 kD
subunit is a peripheral membrane protein. However, another
report suggests that the 110 kD subunit displays an hydrophobic
behavior indicating the properties of an integral membrane
protein [64]. Recent studies have shown that the native complex
is hydrophylic but can become hydrophobic as a result of
dissociation procedures used to purify calmodulin-free 110 kD
protein [65]. The structure and function in vivo of the 110 kD
calmodulin complex remains a major goal for investigators in
this field.
The terminal web cytoskeleton consists of three distinct
filamentous domains orientated perpendicular to the microvilli
core bundles [66], two of which are associated with the junc-
tional complex of the cell. The basal or rootlet ends of the
microvilli core bundles together with the filamentous meshwork
where they are embedded constitute the third filamentous
domain (Figs. 4 and 5). Ten nanometer filaments made of
prekeratin are attached to the desmosomes of the maculae
adherens [67, 68]. They form a thick dense disc of filaments
orientated perpendicular to the microvilli core bundle. Above
the maculae adherens the zonula adherens junction is associ-
ated with a circumferential ring of actin filaments of mixed
polarity as indicated by their decoration with the myosin
fragments [69]. This organization is similar to the stress fiber
organization in cultured cells. In addition to actin these fila-
ments contain myosin [69—71] and tropomyosin [72]. They
appear to be closely associated with the membrane zonula
adherens junctions, possibly through a complex that includes
alpha actinin [73] and vinculin [74—76]. These two proteins are
thought to mediate a similar interaction between actin and
plasma membrane in adhesion plaques of fibroblasts [77, 78].
The third filamentous domain of the terminal web made of
rootlet ends of the microvilli core bundle and the filamentous
meshwork in which they are embedded is referred in this review
to the inter-rootlets domain. Two actin binding proteins have
been characterized in the rootlets' bundle villin and tropo-
myosin [70, 72, 79—81]. The rootlets are embedded in a dense
meshwork of fine filamentous material which presumably cross
links adjacent rootlets. Some of these filaments are members of
an ubiquitous class of long, flexible cross linking proteins
related to erythrocytes spectrin [82—861. Another filamentous
protein is myosin which is of the typical non-muscle variety
[871. Two other proteins that have been localized by light
microscopic immunocytochemistry in the terminal web; they
are caldesmon [88] and a 36 kD substrate for the pp 60 Sarc
tyrosine kinase [89—911, the latter protein being named calpactin
I[92].
Organization of the kidney brush border cytoskeleton
Given the morphological similarity between the kidney brush
border and the enterocyte brush border, it has been suggested
that the cytoskeletal proteins of the kidney may be related to
those found in the enterocyte brush border. The first common
protein which has been characterized is actin [93]. Later villin
has been identified by immunological criteria as a component of
the kidney microvillus core [40]. Using antisera against villin,
myosin, spectrin and fimbrin, Rodman, Mooseker and Farque-
har [931 have looked for the presence and the localization of
similar components in rat kidney brush border. They found that
spectrin and myosin are components of the terminal web and
that villin and fimbrin are associated with the microvillar core,
including the rootlet end. These observations are summarized
in Table 1. Appropriate antibodies are still missing to address
the same question for the 110 kD protein expression in rat. We
have also observed in our laboratory, using immunoreplica with
antibodies raised against the pig intestinal 200 kD glycoprotein
(the putative anchor for the 110 kD protein), a cross reacting
protein of 200 kD in the rat kidney cells (B. Coudrier, unpub-
lished observations).
Comparison of kidney and intestinal brush border
cytoskeleton
Both brush borders from kidney and intestine have similar
functions with respect to transport of small molecules. Howev-
er, the components that are transported and the polarity of the
transport are in some way different. One may assume that these
different functions and morphological changes should imply
some differences at the molecular level. Nevertheless the major
components of intestine brush border cytoskeleton have also
been found expressed in brush border from kidney proximal
tubule cells, and their localization looks very similar. The only
obvious difference observed for these structural components is
the amount of each individual protein found in purified brush
border. The level of fimbrin and spectrin related to actin seem
higher in kidney brush borders than in intestine [941. Moreover
the kidney brush border contains high level of clathrin. Do
these differences modify in some way the specific organization
of brush borders cytoskeleton? More immunocytochemistry at
the electron microscopic level using specific antibodies against
kidney antigens would probably be useful to answer this ques-
tion. Careful analysis of the kidney cytoskeleton brush border
following the same procedures as those used to study intestine
brush borders may be also important to demonstrate the pres-
ence of specific minor components. Such proteins could play a
major role in the specific organization and function of the
kidney brush border cytoskeleton.
A differentiation and organ spec j/ic marker: villin
In contrast to the other cytoskeleton protein shared by
kidney and intestine brush borders, villin displays a remarkable
tissue specific expression. Using antibodies for this protein,
several groups have shown by immunochemical and immuno-
cytochemical procedures to have the occurrence of this protein
a
 
4;
 
.
,
.
 
.
 
-
 
!%
 
' 
•
 
.
,
 
•
't 
t' 
•
ki
 
t•.
 
-
t 
I 
*
•
L 
.
 
'tH
e 
.
:.
 .
:-
'-
.c
. 
-
 
::
.,
; . 
C 
p.
 
316 Coudrier et a!: ytoskeleton in renal BBM
Table 2. Villin detection in organs and cell lines
Material
Gastrointestinal tract
Small intestine
Large intestine
Gall bladder
Pancreas
Duct
Acini
Tissue homogenate
Liver
Large bile duct
Hepatocytes
Tissue homogenate
Stomach
Oesophagus
Human embryonic gut
(6 weeks old)
Urogenital tract
Kidney
Proximal tubule
Distal tubule
Cortex homogenate
Epididymis
Ductus epididymidis
Ductuli efferentes
Tissue homogenate
Testis
Oviduct
Uterus endometrium
Bladder urothelium
Prostate glands
Human embryonic kidney
Other tissues
Lung
Bronchial epithelium
Alveolar epithelium
Tissue homogenate
Skin
Epidermis
Dermis
Sweat glands
Tissue homogenate
Choroid plexus
Cell lines derived from human colonic adenocarcinoma
HT29-18
CaCO2
Cell lines derived from kidney
Porcine kidney proximal tubule (LLCPK1)
Canine kidney distal tubule (MDCK)
Other cell lInes
Hela (human uterus)
Hep2 (human cervix)
Fig. 6. Ultrastructural localization of villin in small intestine. Human
small intestine were fixed with 3% paraformaldehyde in PBS. Samples
were then embedded in Lowicryl K4M resin at —35 °C [103]. Villin is
detected on these sections by a large amount of gold particles in each
microvillus along the axial bundles of microfilaments. The rootlets (r)
anchoring the microvilli into the underlaying cytoplasm also contain
villin. Few gold particles indicating the presence of villin are seen
dispersed within the underlaying cytoplasm. x 24,000 (Courtesy of Dr.
C. Huet, Pasteur Institute, Paris, France).
villin [421, In the embryo, the primitive human gut (8 weeks
gestation) which contains a multilayer of rapidly dividing pre-
cursors cells of enterocytes also express villin (Table 2). Similar
observations have been reported in human embryonic kidney
where precursors of proximal tubule cells can easily be identi-
+(l03) fled after immunolabeling with antibodies against villin (F.
+ Mounier, HOpital Necker, Paris, personal communication). Cell
+ lines established from normal or tumor cells derived from
— intestine or from proximal tubular kidney cells continue to
express this protein (Table 2). Finally, epithelial cells lining the
pancreatic and bile ducts also express villin [42]. Taken togeth-
er, these observations emphasize two facts. First, villin can be
expressed early by precursors (at the embryonic or adult stages)
of cells displaying, once fully differentiated, a brush border.
Second, adult differentiated cells lacking a brush border but
derived from the same embryonic precursors express this
protein (that is pancreatic and bile ducts cells).
Since villin displays such a unique pattern of cellular expres-
sion in man, D. Louvard's Laboratory in collaboration with Dr.
R. Moll (Mainz University, FRG) has investigated in detail its
expression in human tumors. The main conclusions of this
study can be summarized as follows: villin expression is main-
tained in malignant cells derived from normal cells expressing
this protein. Moreover villin is found whether or not the tumor
is made of differentiated or undifferentiated cells (primary
tumors and metastasis). Indeed human colonic adenocarci-
nomas are always positive; some pancreatic tumors if derived
+ (40—43)
+
+
+
+(102)
+
+
+(40)
+
+
+
ND
ND
These results were usually obtained by a combination of three
different methodologies: immunolocalization of villin by immunofiuo-
rescence; immunodetection of the villin by immunoreplica procedure or
ELISA assay. In some cases, these results were derived from only one
technique.
in some cells of urogenital and gastrointestinal tracts (Table 2).
It has been shown that cells which have a brush border contain
a large amount of this protein accumulated at their apex. By
ultrastructural immunolabeling it has been found that villin is
localized along the entire length of the axial microfilaments
bundles (Fig. 6). Later it has been shown that undifferentiated
crypt cells of the intestinal mucosa, which do not yet have an
organized brush border, express lower but significant amount of
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Fig. 7. Localization ofvillin in a c,yostat section of a hy-
pernephroid carcino,na (solid type of growth, poorly
differentiated). The tumor cells contain villin in coarse
granular accumulations or fine fibrillar deposits, without
any obvious polarity. x 450.
from duct cells are also positive [95]. Re-expression of villin in
tumors derived from cells which do not express this protein in
embryo or adult was not observed. There has been one impor-
tant exception. Some adenocarcinomas of the endometrium
express villin whereas normal endometrium does not. Howev-
er, it is worth stressing that we do not know if in the embryo
these cells or their precursors express villin even transiently.
These observations can be usefully applied by pathologists to
classify and characterize adenocarcinoma of unknown origin.
Moreover such studies can also be applied to differentiated and
undifferentiated kidney tumors, indicating that these tumors are
probably derived from the proximal tubule (Fig. 7). Our obser-
vations were confirmed in a detailed study carried out by M.
Osborn and her colleagues [961.
Current research in D. Louvard's Laboratory indicates that
villin can also be detected in blood samples (using a sensitive
ELISA test and taking advantage of monoclonal antibodies
against villin produced in D. Louvard's Laboratory) of patients
with malignant tumors of the gastrointestinal tract, whereas
villin is normally absent in healthy humans or in patients
suffering from unrelated malignant tumors. Whether or not
these observations can be applied to patients with renal tumors
remains to be established. The usefulness for early diagnosis or
prognosis in the treatment and survey of patients carrying
gastrointestinal or renal tumors of this method should also be
the subject of future investigations.
Pathogenic damage ofthe kidney tubular brush borders
The brush border can be the target of damage by hypoxia,
intoxication, and—to a limited extent—also to immunological
attack.
When, for example, a kidney artery is clamped for 25 minutes
and the blood circulation is re-established, the microvilli disap-
pear and and their membranes are engulfed by the tubular cells
[97, 98]. Mter several hours of normal blood perfusion the
microvilli reappear in bushels on the surfaces of the epithelial
cells, and eventually a normal morphology is restored.
When rats are injected with maleate, the resorption of protein
is dramatically decreased, and the epithelial cells of the proxi-
mal tubule show numerous vacuoles in their apical cytoplasm
[99]. Recently it was found that maleate intoxication causes a
redistribution of clathrin from the coated intermicrovillar
microdomain of the brush border to small coated vesicles and
empty cages, and this event is paralleled by the appearance of
gp330 in uncoated vacuoles in the apical cytoplasm. Immuno-
histochemical markers of the microvillar membranes remain on
their original location on the essentially normal microvilli. The
reason for the selective damage of the clathrin coated microdo-
main by maleate is not known. It has been speculated that
depletion of ATP by maleate may indirectly cause the detach-
ment of clathrin from the intermicrovillar membranes [15—99].
When rats are immunized against a crude brush border
fraction they develop a membranous nephritis (Heymann ne-
phritis) which is caused by the binding of gp330 antibodies to
endogenous gp330 antigen in coated pits of the glomerular
epithelial cells [13, 15].Since the glomerular filter also becomes
permeable to IgG in the course of the disease, the brush border
of proximal tubules is confronted with antibodies directed
against several of its proteins. The result is a degenerative
change of the epithelial cells showing flattening, loss of micro-
villi and cell polarity [100] which is independent of the action of
complement [101]. It is not currently known whether antibodies
against the membrane proteins of the clathrin coated or
microvillar microdomains mediate this damage.
Conclusion
Numerous studies reported in this review favor the notion
that common components, and presumably similar structural
principles, are used to build up the brush border cytoskeleton in
intestinal and kidney cells. However, morphological differences
such as the size of the microvilli may be regulated by different
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concentration of major common components, or by minor
specific components which have yet to be identified and char-
acterized. In spite of the presence of some common enzymes,
several membrane proteins appear to be present only in one cell
type (such as sucrase-isomaltase; Table 1).
The remarkable tissue specificity of villin expression in the
adult or embryonic cells of kidney and gut, which is maintained
in neoplasic tissue, raised the question of the potential interest
of this actin binding protein for clinical applications. It remains
to be established on a large number of kidney biopsies how
much clinicians can capitalize on our studies and the observa-
tions of others. The good correlation with the presence of villin
in sera of patients and the existence of malignant tumors in the
digestive tract should be investigated further for these organs.
New studies should be initiated in cases of malignant tumors in
kidney to evaluate the potential use of this protein in neoplasic
kidney disorders.
Finally for basic work in cell biology the existence of well
preserved membrane microdomains in the isolated kidney
brush border suggest that this preparation may provide a good
starting material to isolate and biochemically analyze this
clathrin-coated plasma membrane microdomain.
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